Abbreviations:

fEPSP, field excitatory postsynaptic potentials; PPD, paired pulse depression; MSN, medium spiny projection neuron

INTRODUCTION {#sec1-1}
============

The striatum, as the major division of the basal ganglia, is critically involved in motor control and learning/memory. The most common cell type in the striatum, medium spiny projection neurons (MSNs), receive glutamatergic inputs from the cerebral cortex and thalamus, serotonergic input from the raphe nuclei, dopaminergic input from the substantia nigra as well as cholinergic and gamma-aminobutyric acidergic input from striatal interneuron. In addition, MSNs also receive synapses from axonal collaterals from neighboring MSNs\[[@ref1]\], suggesting a more complicated circuit of the striatum. The neuroplasticity in the striatum controls the short-term and long-term selection and the differential amplification of cortical neural signals modulating the processes of motor and behavioral selection within the basal ganglia neural circuit\[[@ref2][@ref3]\]. Synaptic plasticity at corticostraital synapses is proposed to contribute to motor learning and habit formation. Unlike hippocampal CA3--CA1 synapses, however, the corticostratial pathway differs regionally in direction of plasticity in spite of the application of identical stimulation protocols: for example high frequency simulation (100 Hz) induces long-term potentiation in the dorsomedial striatum but long-term depression in the dorsolateral striatum\[[@ref4][@ref5]\]. In addition, paired pulses induce depression of excitatory postsynaptic potentials (EPSPs)\[[@ref6][@ref7]\], and this differs from hippocampus CA3--CA1 synapses which exhibit facilitation in response to paired pulses\[[@ref8]\]. These results suggest that the mechanisms of long-term and short-term synaptic plasticity in the striatum may differ from those in the hippocampus.

Short-term synaptic plasticity, including short-term potentiation and depression, lasts from tens of milliseconds to several seconds, and plays an important role in neural encoding\[[@ref9]\]. Short-term depression can act as a low-pass filter contributing to spatial-temporal processing\[[@ref10]\], serving to control the gain between excitation and inhibition\[[@ref11]\], and contributing to the generation of synchronous network activity\[[@ref12]\]. Paired pulse depression (PPD), instead of paired pulse facilitation, is a form of short-term synaptic plasticity that was observed in the striatum\[[@ref6][@ref13]\]. Although it has been suggested that PPD in the striatum involves presynaptic mechanisms and the concentration of external calcium\[[@ref6]\], the detailed mechanism of this form of plasticity is poorly understood.

RESULTS {#sec1-2}
=======

Dorsal striatum field EPSP (fEPSP) is not affected by D1, gamma-aminobutyric acid type A or muscarinia receptor {#sec2-1}
---------------------------------------------------------------------------------------------------------------

Stimulation of the white matter induced two negative extracellular potentials (N1 and N2, [Figure 1A](#F1){ref-type="fig"}) in the neostriatum, as previously described\[[@ref14][@ref15]\]. The N2, also referred to population spike or fEPSP, was abolished by bath application of α-amino-3-hydroxy-5-methylizoxazole-4-propionic acid receptor antagonist 6-cyano-7-nitroquinoxaline-2,3-dione, while the N1 was not affected by 6-cyano-7-nitroquinoxaline-2,3-dione (10 μM) ([Figure 1D](#F1){ref-type="fig"}), suggesting the N2 potential is generated mainly by excitatory postsynaptic currents\[[@ref14][@ref16]\]. The population spike (N2) of the striatum was not affected by blockade of gamma-aminobutyric acid type A receptors antagonist bicuculline (20 μM) (Figures [1B](#F1){ref-type="fig"}, [C](#F1){ref-type="fig"}), while in contrast the fEPSP in hippocampus CA1 synapses was significantly affected by blockade of gamma-aminobutyric acid type A receptor antagonist bicuculline (20 μM) (Figures [2A](#F2){ref-type="fig"}--[C](#F2){ref-type="fig"}) and paired-pulses induced facilitation, which is significant different from striatum ([Figure 2D](#F2){ref-type="fig"}). In addition, the PS was not affected by D1 receptors antagonist SKF-81297 (20 μM) or muscarinic receptors antagonist succinylcholine chloride (20 μM) (Figures [3](#F3){ref-type="fig"}, [4](#F4){ref-type="fig"}), consistent with previous reports\[[@ref14]\].

![Effect of bicuculline (gamma-aminobutyric acid type A receptor antagonist) and CNQX (α-amino-3-hydroxy-5-methylizoxazole-4-propionic acid receptor antagonist) on striatal population spike. CNQX: 6-cyano-7-nitroquinoxaline-2,3-dione.\
(A) Representative trace of paired pulse induced population spike in rat corticostriatal slice, and the insert is the magnified P1.\
(B) Averaged paired pulse ratio pre- and post-bicuculline administration; the insert is averaged P1 amplitude before and after bath application of bicuculline. Measurement data are expressed as mean ± SE.\
(C) Representative trace of paired pulse induced population spike after bath application of bicuculline.\
(D) Representative trace of recording from corticostriatal slice pre- and post-CNQX administration.](NRR-7-772-g001){#F1}

![Effect of bicuculline on hippocampal field excitatory postsynaptic potentials (fEPSP) (A--C) and difference of paired pulse ratio between the hippocampus and striatum (D).\
(A) Representative trace of paired pulse facilitation in rat hippocampal slices before application of gamma-aminobutyric acid type A receptor antagonist bicuculline (20 μM).\
(B) Representative trace of paired pulse facilitation in rat hippocampal slices after bath application of gamma-aminobutyric acid type A receptor antagonist bicuculline (20 μM); the insert is averaged P1 amplitude before and after bath application of bicuculline.\
(C) Trace of paired pulse facilitation after washout of bicuculline.\
(D) Averaged paired pulse ratio from rat hippocampal and corticostriatal slices. Measurement data are expressed as mean ± SE. ^a^*P* = 0.001, 0.001 2, 0.03, *vs*. at the hippocampus 20, 40 and 80 interstimulus interval, respectively.](NRR-7-772-g002){#F2}

![Succinylcholine chloride (muscarinic receptor antagonist) (20 μM) had no effect on the paired pulse depression of population spike/field excitatory postsynaptic potentials.\
Representative trace of paired pulse depression in rat hippocampal slices before (A) and after (B) application of succinylcholine chloride. (C) Averaged paired pulse ratio pre- and post-succinylcholine chloride administration. Measurement data are expressed as mean ± SE.](NRR-7-772-g003){#F3}

![SKF-81297(dopamine D1 receptor antagonist) (20 μM) had no effect on the paired pulse depression of population spike/field excitatory postsynaptic potentials.\
Representative trace of paired pulse depression in rat hippocampal slices before (A) and after (B) application of succinylcholine chloride. (C) Averaged paired pulse ratio pre- and post-SKF-81297 administration. Measurement data are expressed as mean ± SE.](NRR-7-772-g004){#F4}

The PPD is related with extracellular calcium {#sec2-2}
---------------------------------------------

It is well known that paired pulse stimulation of the Schaffer collateral pathway induces facilitation of the fEPSP in the hippocampal CA1 area (Figures [2A](#F2){ref-type="fig"}, [D](#F2){ref-type="fig"}). In contrast, using the identical conditions paired pulse stimuli of the corticostriatl pathway induced depression of the population spike/fEPSP (Figures [1A](#F1){ref-type="fig"}, [B](#F1){ref-type="fig"}) in the slices of dorsal striatum. In addition, a series of paired pulses, including interstimulus intervals of 20, 40 and 80 ms, all produced depression of population spike/fEPSP ([Figure 1B](#F1){ref-type="fig"}). In addition, we found that even longer interval as 150--1 000 ms also induced depression of population spike/fEPSP in rat dorsal striatum ([Figure 2D](#F2){ref-type="fig"}, lower), which was significantly different from the hippocampus. We next investigated if blockade of gamma-aminobutyric acid, muscarinic or D1 receptors would alter paired pulse induced depression of population spike/fEPSP in striatal slices. Bath application of the gamma-aminobutyric acid type A receptor antagonist bicuculline (20 μM), the muscarinic receptor antagonist succinylcholine chloride (20 μM)\[[@ref17]\] or the D2 receptor antagonist SKF-81297 (20 μM) had no effect on the PPD of population spike/fEPSP (Figures [3](#F3){ref-type="fig"}, [4](#F4){ref-type="fig"}), neither did any of these drugs alter the amplitudes of population spike/fEPSP. Previous study indicated that the N2 potential was blocked in a perfusion medium containing a lower Ca^2+^ or a higher Mg^2+^ concentration than the standard solution\[[@ref15]\]. The result indicated that 0.5 mM but not 2.6 mM calcium containing solution can attenuate the PPD ([Figure 5](#F5){ref-type="fig"}).

![Lowing extracellular calcium partially reduced the striatal paired pulse depression of population spike/field excitatory postsynaptic potential.\
Representative trace of paired pulse depression of population spike/field excitatory postsynaptic potential in rat striatal slices by application of 2.6 mM Ca^2+^, 1.3 mM Mg^2+^ (A) or 0.5 mM Ca^2+^, 1.3 mM Mg^2+^ (B).\
(C) Averaged paired pulse ratio *via* 0.5 mM Ca^2+^ administration. Measurement data are expressed as mean ± SE.](NRR-7-772-g005){#F5}

DISCUSSION {#sec1-3}
==========

The dorsal striatum is a large forebrain region involved in action initiation, timing, control, learning and memory. Modulation of corticostriatal synaptic transmission plays a large part in controlling the input to as well as the output from MSNs\[[@ref3]\]. Both long-term plasticity and short-term plasticity have been identified in the neostriatum using different experimental conditions\[[@ref18][@ref19][@ref20][@ref21]\] and the alterations in striatal synaptic plasticity might be implicated in Parkinson\'s disease and Huntington\'s disease\[[@ref16][@ref21]\]. It was proposed that long-term changes of synaptic transmission were often associated with a modification of short-term synaptic plasticity\[[@ref22]\]. Two forms of short-term plasticity at inhibitory synapses, PPD and synaptic augmentation, were studied in adult rat striatal slices using intracellular recordings and were suggested to modify the output of striatum and thus might be an important component of information processing during behaviors involving the striatum\[[@ref19]\]. While in the present study, we observed one PPD at the corticostriatal slices mediated by excitatory synapses since the N2 potential (population spike/fEPSP) can be abolished by α-amino-3-hydroxy-5-methylizoxazole-4-propionic acid receptor antagonist 6-cyano-7-nitroquinoxaline-2,3-dione. Using whole-cell configuration, Mori *et al*\[[@ref6]\] recorded the PPD in MSNs of neonatal Wistar rat corticostriatal slices and suggested the PPD involved presynaptic mechanism. Their findings were not same with the present study in that they found the PPD was not detected when the second pulse was 100 ms after the first pulse while our data showed that even with 500 ms interstimulus interval the PPD was still present. Similar controversy was confirmed by studies from Akopian and Walsh that the PPD existed during the interstimulus interval was 1 second in Fisher rats\[[@ref23]\] and from Lighthall indicating that the PPD was gone when interstimulus interval was longer than 30 ms in adult Long-Evans rats\[[@ref7]\]. However, one similar PPD was showed up in adult rat striatal inhibitory synapses when interstimulus intervals at several hundred milliseconds when the authors studied other project and they did not give further attention\[[@ref19]\], which was similar to the present study.

The striatal MSNs receive gluatamtergic input from the cerebral cortex and thalamus, serotonergic input from the raphe, dopaminergic input from the substantia nigra and cholingergic and gamma-aminobutyric acidergic input from striatal interneuron\[[@ref1]\]. There are two distinct inhibitory gamma-aminobutyric acidergic circuits in the neostriatum: feedforward circuit and feedback circuit. The feedforward circuit consists of a relatively small population of gamma-aminobutyric acidergic interneurons that receives excitatory input from the neocortex and exerts monosynaptic inhibition onto striatal MSNs. The feedback circuit comprises the numerous spiny projection neurons and their interconnections *via* local axon collaterals. This network has long been assumed to provide the majority of striatal gamma-aminobutyric acidergic inhibition and to sharpen and shape striatal output through lateral inhibition, producing increased activity in the most strongly excited spiny cells at the expense of their less strongly excited neighbors\[[@ref24]\]. However, our data did not support the role of inhibitory gamma-aminobutyric acidergic circuits in the PPD since bicuculline had no effect on the PPD or the population spike. In addition, although MSNs also receive D1 receptor innervations and may be involved in synaptic plasticity in the neostriatum\[[@ref25]\], our data did not support their involvements in the PPD.

It was indicated that glutamatergic synapses in the neostriatum were capable of expressing a form of synaptic depression that may involve decreased glutamate release\[[@ref20]\] and that depolarization during the first N-methyl-D-aspartate receptor response caused facilitation of the second one by removing voltage-dependent block of N-methyl-D-aspartate receptors by Mg^2+^ and by activating voltage-dependent Ca^2+^ channels\[[@ref26]\]. However, another study suggested that N-methyl-D-aspartate application depressed the population spike/fEPSP in mouse corticostrital slices in a gamma-aminobutyric acid-independent manner and that the depression was not affected by removal of the cortex\[[@ref27]\]. Previous studies have indicated that calcium plays an important role in synaptic transmission at corticostriatal synapses mediated by N-type calcium channels\[[@ref28]\]. Although the present study also indicated that lowing the extracellular calcium concentration could reduce the PPD but we still did not see obvious paired pulse facilitation, which was not consistent with Dr Wang\'s report that lower calcium with the calcium/magnesium ratio at 1:2 could introduce obvious paired pulse facilitation in C57BL/6 mice aged 2--5 months\[[@ref29]\] and suggested that the PPD in juvenile rat corticalstriatum was related with calcium. The difference may be related with protocols, species and age, *etc.*, which need to be further studied.

MATERIALS AND METHODS {#sec1-4}
=====================

Design {#sec2-3}
------

An *in vitro* electrophysiological study.

Time and setting {#sec2-4}
----------------

This study was performed at the University of Western Ontario, Canada from November 2010 to March 2011.

Materials {#sec2-5}
---------

### Animals {#sec3-1}

Wistar rats of either sex, aged 2 weeks, were provided by the Animal Center at University of Western Ontario, Canada.

### Reagents {#sec3-2}

6-cyano-7-nitroquinoxaline-2,3-dione, SKF-81297, bicuculline (Tocris), succinylcholine chloride dehydrate (Sigma) and (+)-α-methyl-4-carboxyphenylglycine (MCPG, Sigma) were applied *via* the bathing solution.

Methods {#sec2-6}
-------

### Slice preparation {#sec3-3}

The rats were decapitated under anesthesia with esoflurane and the whole brain was removed, immersed in ice-cold cutting solution containing (in mM): sucrose 194, NaCl 30, KCl 4.5, MgCl~2~ 1, NaHCO~3~ 26, NaH~2~PO~4~ 1.2, glucose 10, bubbled with 95% oxygen and 5% CO~2~. The coronary striatum containing cortex and the transverse hippocampus were cut into 350 μm slices using a vibratome (LeicaVT 1200S). The slices were incubated for at least 1 hour at room temperature in artificial cerebrospinal fluid containing (in mM): NaCl 124, KCl 3.0, NaH~2~PO~4~ 1.25, glucose 10, NaHCO~3~ 26, CaCl~2~ 2.6, MgCl~2~ 1.3, bubbled with 95% oxygen and 5% CO~2~.

### Electrophysiological recording {#sec3-4}

Recordings were performed at 31°C. A slice was transferred to the recording chamber using a Pasteur pipette and continuously perfused with artificial cerebrospinal fluid saturated by 95% O~2~ and 5% CO~2~ at a flow rate of 3 mL/min. A glass microelectrode filled with artificial cerebrospinal fluid (4--6 MΩ) was placed in the dorsal striatum ([Figure 6A](#F6){ref-type="fig"}) or hippocamal CA1 stratum radiatum ([Figure 6B](#F6){ref-type="fig"}). The depth of the electrode was adjusted to obtain a maximal response. Population spike or fEPSP were evoked by constant current stimuli (0.1 ms) *via* a tungsten concentric bipolar electrode (tip-diameter: 25 mm; MCE-100, David Kopf Instruments, MD, USA) placed in the white matter for striatum recording ([Figure 6A](#F6){ref-type="fig"}) or Schaffer lateral pathway for hippocampus recording ([Figure 6B](#F6){ref-type="fig"}). Variable paired-pulses with different interstimulus intervals (20, 40, 80, or 150, 300, 500, 1 000 ms) were applied to evoke half of the maximal field potential (population spike or fEPSP). The signals were recorded (Digidata 1440A, Molecular Device, USA), amplified (MultiClamp 700B, Molecular Device, USA) and filtered at 5 kHz. Data were analyzed offline using Clampfit 10 (Axon Instruments). The paired pulse ratio refers to the amplitude of the second population or fEPSP relative to that of the first population spike or fEPSP.

![Schematic diagram of the field potential recording from the dorsal striatum (A) and hippocampus (B).\
Sti: Stimulator; rec, recording electrode; DG: dentate gyrus.](NRR-7-772-g006){#F6}

### Statistical analysis {#sec3-5}

Data were expressed as mean ± SE. Statistical analyses were performed using one-way analysis of variance followed by the Bonferroni test or two-way repeated analysis of variance, using software of Origin7.

**Funding:** The study was supported by a grant from the Canadian Institutes of Health Research, No. 15514 & 44008.

**Conflicts of interest:** None declared.

**Ethical approval:** The experiment was approved by the Animal Ethics Committee of the University of Western Ontario, Canada.

(Edited by Zhu LQ, Zhao MG/Wang L)

[^1]: Yufeng Xie, Ph.D., Research associate, Robarts Research Institute, University of Western Ontario, London, Ontario, Canada

[^2]: **Author contributions:** Yufeng Xie designed, performed and wrote the manuscript. Michael F. Jackson and John F. MacDonald conceptualized, supervised the project and contributed to the design of experiments and wrote the manuscript. All authors read and approved the final manuscript.
